INTRODUCTION
The processes of cellular differentiation are accompanied by the programmed expression of many families of proteins. The lens presents a useful system for identifying such proteins. In this tissue, an anterior layer of epithelial cells continually gives rise to new layers of terminally differentiated, extremely elongated, fibre cells [1, 2] . Expression of genes associated with different stages in proliferation and differentiation is thus localized to defined regions of the lens. This applies to the characteristic lens structural proteins, the crystallins [3, 4] , and to other proteins, including cytoskeleton proteins [5, 6] , macrophage migration inhibitory factor [7] , transforming growth factor β1 [8] and several cyclins and cyclin-dependent kinases [6] .
Here we describe LP2, a 13 kDa protein expressed in bovine lens. LP2 is closely related to myelin and adipocyte P2 proteins and other proteins of the same superfamily [9, 10] , particularly human epidermal fatty acid-binding protein (eFABP) [11] , which are expressed with a tissue preference, often in differentiated cells. Some members of the family, particularly mammaryderived growth inhibitor, are thought to play a role in growth arrest of cells committed to differentiation [10, 12, 13] . Proteins of this family might bind various hydrophobic ligands, including fatty acids, retinoids and prostaglandins, and might also serve as substrates for receptor tyrosine kinases [9, 10, 14, 15] .
Compared with the expression of other makers for lens cell differentiation, the abundance of LP2 mRNA detected by reverse transcriptase-PCR (RT-PCR) increases as lens cells undergo terminal differentiation into fibre cells.
MATERIALS AND METHODS

Protein microsequencing
Bovine lenses from young beef cattle (18-24 months old) were obtained from a local slaughterhouse. Lenses were homogenized Abbreviations used : aP2, adipocyte P2 protein ; CRABP, cellular retinoic acid-binding protein ; CRBP, cellular retinol-binding protein ; FABP, fatty acid-binding protein ; rlLBP, rat lens lipid-binding protein ; RT, reverse transcriptase.
* To whom correspondence should be addressed. The nucleotide sequence reported will appear in DDBJ, EMBL and GenBank Nucleotide Sequence Databases under the accession number U55188.
abundant in the relatively undifferentiated epithelial cells and decreased with lens cell differentiation. In contrast γB-crystallin and γs-crystallin were detected only in fibres (nuclear and cortical respectively). LP2 transcripts were detected most abundantly in fibre cells and apparently increased with cellular differentiation. Molecular modelling confirms that the sequence of LP2 fits the tertiary template of adipocyte P2 but reveals the presence of two close pairs of cysteine residues that might be susceptible to intramolecular disulphide bond formation under appropriate oxidizing conditions. LP2 is thus another potential target for oxidative stress during cataract formation in lens.
in TE buffer (10 mM Tris\HCl (pH 7.4)\1 mM EDTA) and insoluble fractions were removed by microcentrifugation ; the soluble extract was subjected to SDS\PAGE as described previously [16] . The 13 kDa subunit size fraction of bovine lens was isolated by transfer to nitrocellulose and excision of the Ponceau S-stained band. The isolated band was digested with trypsin and HPLC-purified peptides were subjected to automated sequencing at the Harvard Microchemistry Facility as described previously [16] .
mRNA and cDNA amplification
For RT-PCR amplification [17] , 200 ng of each total RNA sample was reverse-transcribed with Superscript 1 (Life Sciences, Gaithersburg, MD, U.S.A.) as described in [18] . Specific primers were designed for each sequence and synthesized on an Applied Biosystems DNA synthesizer. PCR amplification used 30 cycles of : 1 min at 94 mC, 1 min at 55 mC, 1 min at 72 mC. Products were revealed on agarose gels [1.5-4 % (w\v)]. The cDNA sequence of LP2 was completed by 5h and 3h rapid amplification of cDNA ends [19] . The nucleotide sequence of bovine lens LP2 was determined by direct sequencing of PCR products [20] and double-stranded sequencing (Sequenase system ; USB) of the PCR products cloned into the TA cloning vector (Invitrogen).
Similar procedures were used for human eFABP [11] and rat lens lipid-binding protein (rlLBP) [21] , with the exception that the human sequence was amplified from a previously prepared single-stranded cDNA template as described previously [7] . For rlLBP, direct sequencing of the PCR product was performed as a service by Biotech Research Laboratories (Rockville, MD, U.S.A.).
STAT-60 (Tel-test, Friendswood, TX, U.S.A.). RNA samples from 8-day-old rat lens fibres and epithelium were generously provided by Dr. Chun Gao and Dr. Peggy Zelenka. RT-PCR and sequencing were performed as described above. Specific primers were designed for each sequence. For LP2 and rlLBP 3h primers were localized in the 3h untranslated region to eliminate mis-priming of other members of the superfamily. Bovine γs- [22] and γB-crystallin [23] were used as control markers for differentiation.
Expression patterns of LP2 were also examined by RT-PCR for several bovine tissues. RNA was extracted as above. Bovine skin RNA was obtained from wart tissue and was a gift from Dr. Carl Baker of the National Cancer Institute. As a control, bovine actin was amplified from the same tissues using primers designed from a published sequence which is most similar to γ-actins of other species [24] .
Molecular modelling
Modelling was performed with the program Quanta (Molecular Simulations) running on a Silicon Graphics Indigo Elan workstation. Template coordinates were taken from the structure of mouse adipocyte P2 protein (aP2) [25] , PDB entry 1ALB. Identical residues were left unmoved. For non-identical residues the positions of replacement side chains were modelled by inspection and regularized in sections. The complete model was subjected to regularization with CHARMm as implemented in Quanta.
Cladistic analysis
A cladogram of the lipid-binding protein superfamily was drawn using the ' Neighbor-joining ' option of the MEGA (Molecular Evolutionary Genetics Analysis) program version 1.01 [26] . Distance calculations used the Poisson correction, and 1000 bootstrap replications were performed. Protein sequences were extracted from GenBank databases maintained at the Frederick Cancer Research and Development Facility (Frederick, MD, U.S.A.). Matching sequences were identified with BLAST [27] and were aligned by using PILEUP of the GCG package [28] . BLAST output was formatted for input to PILEUP by using the program BTF [Mark Gunnell, Frederick Cancer Research Development Facility (FCRDF)].
Accession numbers for sequences drawn from Genbank are as follows : human liver FABP, M10050 ; rat gastrotropin, L22788 ; rat intestinal FABP, K01180 ; mouse intestinal FABP, M65034 ; human intestinal FABP, M18079 ; Xenopus intestinal FABP, L19946 ; mouse cellular retinol-binding protein (CRBP) II, X74154 ; rat CRBP II, M13949 ; rat CRBP, M19257 ; mouse CRBP, X60367 ; human CRBP, M11433 ; mouse cellular retinoic acid-binding protein (CRABP), X51715 ; bovine CRABP, X15481 ; human CRABP II, M97815 ; mouse CRABP II, M87539 ; human epidermal FABP, M94856 ; mouse epidermal FABP, X70100 ; rat skin FABP, S69874 ; rat lens FABP, U13253 ; rabbit myelin P2, J03744 ; human myelin P2, X62167 ; mouse myelin P2, K02109 ; mouse aP2, M13385 ; human aP2, J02874 ; rat heart FABP, M18034 ; mouse heart FABP, X14961 ; bovine mammary-derived growth inhibitor, X51933 ; human muscle FABP, X56549 ; chick retina FABP, X65459 ; moth FABP, M77755 ; rat liver FABP, M35991.
RESULTS
Peptide sequence
In an analysis of sub-crystallin-sized polypeptides expressed in lens, a 13 kDa fraction from the soluble extract from calf lens was partly sequenced. Peptides apparently originating from two different proteins were detected. As reported previously [7] , one of these was migration inhibitory factor-related protein 8, a calcium-binding protein associated with non-proliferating cells [29, 30] . Three peptides (peptides 1-3) were also obtained for a second protein, subsequently designated LP2 (Figure 1 ). When compared with the sequence databases it was clear that these peptides closely matched members of a large superfamily of lipid-binding proteins including P2 proteins, FABP and cellular retinoid-binding proteins [9, 10] . Interestingly, peptide 3 was similar to peptide 2. However, sequencing of peptide 3 failed to identify a residue at a position occupied by a tyrosine residue (Tyr-22) in peptide 2. This result suggests that in a significant population of LP2 molecules this residue is modified. This tyrosine, usually designated Tyr-19 in the superfamily, is conserved in the P2\FABP family, in which it serves as a substrate for receptor tyrosine kinases [9, 10, 14, 15] .
Sequence analysis
By using primers designed from the peptide sequences obtained, the complete sequence of LP2 was obtained by RT-PCR [17] and by 5h and 3h rapid amplification of cDNA ends [19] (Figure 1 ). The full-length cDNA contains an open reading frame of 405 nt encoding a protein of 135 amino acids, and contains 5h and 3h untranslated regions of 70 and 193 bp respectively.
The predicted amino acid sequence of LP2 was compared with other members of its larger superfamily by using the program MEGA [26] . As Figure 2 shows, position in the cladogram correlates with protein function, so that cellular CRABPs, the CRBP, the intestinal FABP and the liver FABP form distinct clades.
In the same way, the P2\FABP sequences form a separate family in which each branch is composed of homologues of tissue-specific proteins from different species. Members of the P2\FABP family show tissue preference in expression and are often markers for differentiation in their respective organ systems [9, 10, [12] [13] [14] 31] . They are also characterized by conservation of Tyr-19, a feature shared only by the CRBP (Figure 2 ). Bovine LP2 lies within the P2\FABP family, most closely related to human and rodent epidermal FABP (eFABP). Although LP2 and the eFABP sequences are all closely related, it is striking that bovine LP2 is 91 % identical with human eFABP and only 77 % identical with rat eFABP. This may be explained either by a closer evolutionary relationship between ungulates and primates than between these groups and rodents, for which there is some recent evidence [32] , or else by the existence of more than one eFABP-like gene, such that LP2 and human eFABP are orthologous whereas rat eFABP is coded by a different gene.
Expression of eFABP in human lens and LP2 in non-lens tissues
In view of the close similarity between LP2 and human eFABP, PCR was used to look for the presence of human eFABP in human lens. By using a single-stranded cDNA template derived from human fetal lens [7] a product corresponding exactly in sequence to human eFABP was obtained from lens (result not shown). This expression of human eFABP in lens makes it likely that LP2 is the bovine orthologue of human eFABP, but the possibility that more than one closely related FABP is expressed in lens is not excluded. 
Figure 4 Expression patterns of differentiation markers in bovine lens
Results of RT-PCR for (a) LP2 ; (b) actin ; (c) γs-crystallin ; (d) γB-crystallin. Lane markers are as follows : E, C and N denote epithelium, cortical fibres and nuclear fibres respectively, and M indicates size standards.
The non-lens expression of LP2 was also examined by RT-PCR of several bovine tissues (Figure 3) . The most abundant product for LP2 was found in lens, but it was also highly abundant in skin (wart) and detectable in cornea and heart. It was not detected in iris or retina (eye tissues of neural ectoderm origin) or in liver or kidney. The expression of the same FABP in both skin and lens of human and bovine origins probably reflects the common ectodermal origins of the two tissues [2, 4, 33] .
Expression pattern of LP2 mRNA in bovine lens
P2\FABP proteins in other tissues are often associated with cellular differentiation [9, 10, [12] [13] [14] 31] . The relative distribution of LP2 mRNA in bovine lens was examined by RT-PCR. For comparison, other markers for lens differentiation were also examined. These were the cytoskeletal protein actin, which is down-regulated during differentiation [34] , and two crystallins, which are up-regulated during differentiation : γs-crystallin [22] , which is expressed in secondary fibres of the mature lens cortex, and γB-crystallin [23] , which is expressed predominantly during embryonic development in the primary and early secondary fibre cells that form the lens nucleus. Although protein synthesis declines and might cease in the lens nucleus [1, 2] , mRNA can still be extracted from this region in young lenses and reflects the complement of transcripts in differentiated cells early in development.
Figure 5 RT-PCR detection of mRNA for rlLBP and cyclin D1 in rat lens epithelium and fibres
RT-PCR was performed on total RNA from rat lens epithelium (lanes marked E) or rat lens fibres (lanes marked F). Primers designed from the sequence of rlLBP were used in the first two lanes and primers specific for cyclin D1 were used in the third and fourth lanes.
As shown in Figure 4 , PCR product corresponding to γB-crystallin was detected only in RNA from bovine lens nucleus, whereas γs-crystallin was detected only in cortical fibres. Actin was most abundant in epithelial cells but was also detectable at lower relative abundance in cortical fibres and at very low levels in the nuclear fibres, consistently with previous analyses [34] . The detection of γB-crystallin and actin mRNA in the lens nucleus shows that mRNA persists in this region even as metabolic activity and protein synthesis both decline [1, 2] .
In contrast, a PCR product corresponding to LP2 was detected at low levels in lens epithelia but was found at much higher relative levels in cortical and nuclear fibre cells. This is consistent with an increase in abundance of LP2 mRNA associated with lens cell differentiation. The presence of relatively high levels of LP2 mRNA in the lens nucleus suggests that LP2 is expressed from the early developmental stages at which primary fibre cells form. It also suggests that LP2 mRNA is sufficiently stable to persist in the primary fibres until later developmental stages. Another closely related protein, almost identical in cDNA sequence with rat eFABP, has been cloned from rat lens [21] . Surprisingly, hybridization in situ previously suggested that the gene for this protein, rlLBP, is expressed only in lens epithelium, in complete contrast with the pattern observed for bovine LP2. To clarify this apparent difference, RT-PCR was used to examine the distribution of rlLBP in rat lens. Primers were designed from the rlLBP sequence and used to amplify RNA from rat lens epithelium and fibre cells. As a control, another rat mRNA whose distribution in lens has been examined, cyclin D1 [35] , was amplified in parallel ( Figure 5 ). An abundant product for cyclin D1 was found in epithelium whereas no product was detected from differentiated fibre cells. In contrast to the published hybridization in situ, rlLBP was detected in both epithelium and fibres, with a stronger relative signal in fibres. The identity of the product from lens fibres was confirmed by direct DNA sequencing of the PCR product.
These results show that rlLBP in rat, like LP2 in bovine lens, is expressed in differentiated fibre cells. The failure to detect rlLBP in fibres by hybridization [21] might have been due to problems such as the high crystallin content of fibres in mature rat lens, the relative dilution effect of the greatly increased cytoplasmic volume of fibre cells compared with epithelial cells, or masking of the mRNA in fibres by some other lens component.
Molecular modelling
A model of LP2 was constructed from the experimentally determined coordinates of mouse aP2, Protein Data Bank entry 1ALB [25] , as template ( Figure 6, upper panel) . For comparative purposes, the model of LP2 was numbered in accordance with that of aP2 ; thus Tyr-22 of the LP2 sequence is numbered as Y19 in the model. LP2 is 55 % identical in sequence with aP2, and many of the sequence changes involve conservation of type and size of side chain ( Figure 6, lower panel) ; modelling therefore consisted mainly of simple side-chain changes. Two N-terminal residues and one C-terminal residue were added by model-building and regularization, simply continuing the secondary structure present at each end of the template structure. No insertions or deletions were required in the template structure. Indeed the only position that required the adoption of a markedly different side chain conformation involved the change of I F at position 62 of aP2 coupled with F C at position 64, relative to the aP2 sequence. These two differences might represent a co-ordinated change because the decrease in size at position 64 in LP2 provides extra space needed to accommodate the larger phenylalanine side chain at position 62. This bulky side chain could not otherwise occupy the space filled by isoleucine in aP2.
An interesting feature of the LP2 model is the presence of two pairs of cysteine residues, C64\C84 and C117\C124, close enough to suggest the potential for intramolecular disulphide bond formation ( Figure 6, upper panel) . The Cβ atoms of C117 and C124 are only 4.1 A H apart. These two residues are on adjacent strands of a β-hairpin that contacts the α-helical ' lid ' region thought to control access to the protein's lipid-binding pocket [9] . The Cβ atoms of C64 and C84 are separated by 6 A H . These two residues are on the lower edge of the two major β-sheets of the protein. Intramolecular flexibility is thought to be important for the function of P2-related lipid-binding proteins [9] . Formation of disulphide bonds between 64\84 and 117\124 under oxidizing conditions might increase structural rigidity in LP2, perhaps with deleterious effects for function. Both pairs of potential disulphide bonds are conserved in rodent and human eFABP sequences.
DISCUSSION
Bovine lens LP2 is a member of the P2\FABP family, a subdivision of the large superfamily of small lipid-binding proteins. These proteins contain a hydrophobic binding cavity formed by a ' clam-shell ' of two β-sheets and are able to bind various small lipids [9] . A lipid-transport role has often been attributed to members of the family such as aP2 [9, 10] . However, because the preferred substrates of some of these proteins include retinoids and prostaglandins, and because they are often associated with cellular differentiation, a role in regulatory events is also possible. This idea is supported by the observation that one domain of the N-methyl--aspartate receptor seems to be structurally related to this superfamily and it has been proposed that this domain confers sensitivity to arachidonic acid and other fatty acids [36] .
Bovine LP2 is most closely related to human eFABP [11] . Furthermore LP2 is also expressed in skin, as well as in heart and to a smaller extent cornea, whereas eFABP is similarly expressed in both human lens and skin. This suggests, but does not prove, that LP2 and human eFABP might be orthologous proteins. Human eFABP binds oleic acid but not retinoids [11] . The physiological ligand for LP2 in lens is not yet known, but an interesting potential candidate is 12-hydroxyeicosatetraenoic acid, an arachidonic acid metabolite, which regulates growth factor-induced DNA synthesis in rat lens epithelial cells [37] .
Members of the P2\FABP family contain a conserved tyrosine residue (Y19), which is a substrate for the activated insulin receptor [14, 15] . Phosphorylation of this residue has a marked effect on substrate binding, apparently locking the lipid-binding cavity [9] . Furthermore substrate-binding enhances susceptibility to tyrosine phosphorylation, apparently through an as-yetundetermined conformational change. It has been suggested that aP2 might have dynamic conformational flexibility allowing transient access to Y19, which is inaccessible in the crystal structure [9] . Such flexibility might be essential for the function of this group of proteins.
In this regard it is interesting that the model of LP2, unlike aP2, contains two pairs of cysteine residues at positions 64\84 and 117\124 (numbered according to aP2) that might be able to form intramolecular disulphide bonds under oxidizing conditions. A disulphide bond between residues 64 and 84 would pin the two β-sheets, whereas one between residues 117 and 124 could restrict the flexibility of a β-hairpin that is in direct contact with Y19. Oxidation of this protein could therefore have effects on intramolecular conformational changes and perhaps function. These residues are conserved in human eFABP, which is also expressed in lens. Oxidative insult is regarded as one of the prime causes of cataract formation in lens [1] and it might be worth considering LP2\eFABP as a potential target in this process in humans.
As judged by comparative PCR, the relative abundance of bovine LP2 mRNA increases from the precursor epithelial cells to fully differentiated fibre cells. PCR also suggests that the same might be true of the closely related rlLBP in rat lens. Thus it appears that, like aP2 expression in fat cells [31] and related proteins in other tissues, LP2 expression, as a proportion of total mRNA, increases during lens cell differentiation. In the rat lens cellular differentiation is induced by the growth factors acidic and basic fibroblast growth factor [38] [39] [40] , whereas in chicken lens insulin-like growth factor 1 can play a similar role [41] . Insulin has also been shown to have a role in lens differentiation [2] . Activation of various receptor tyrosine kinases is thus a key step in the initiation of lens cell differentiation. Because some closely related proteins are prominent substrates for activated tyrosine kinases, including the insulin receptor [14, 15] , and because protein sequencing provides evidence for a population of LP2 in which Y19 is modified, the interesting possibility is raised that LP2 itself might have a role in growth factor-induced processes in the lens.
